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Abstract
In situ ATR-IR spectroscopy was used to simultaneously measure the sorption and swelling of carbon dioxide at high pressures in a biocom-
patible acrylate copolymer poly(methylmethacrylate-co-ethylhexylacrylate-co-ethyleneglycoldimethacrylate), P(MMA–EHA–EGDMA).
The ν3 band of CO2 dissolved in the polymer (at 2335 cm−1) was used to calculate the sorption data and the polymer swelling was determined
by analyzing the changes in the absorbance of the ν(C O) band (at 1730 cm−1) of the polymer. Transmission spectroscopy in the near-IR
region was also used to study the sorption of CO2 in the polymer using combinational and overtone bands. The experiments were carried out
in a pressure range of 2.0–12.0 MPa and in a temperature range of 27–40 ◦C. The data for CO2 sorption in this polymer obtained by in situ
spectroscopic methods have been compared to the data obtained by the gravimetric technique.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
The knowledge of the phase behaviour of different
polymers in supercritical media, mainly in supercritical
carbon dioxide, has been widely studied in recent years.
The manipulation of the physical properties of polymers as
well as their selective control has become an area of interest
in polymer science, particularly in polymer synthesis and
processing using supercritical fluids [1].
It is well known that when a substance with a low molec-
ular weight comes into contact with a polymer, sorption of
this substance by the polymer often occurs. Carbon dioxide
at high pressures can easily be dissolved in a polymeric
matrix; the result is the swelling of the polymer since
molecular forces between polymer chains are reduced. Thus,
using supercritical (sc) fluid conditions is of great interest
due to the possibilities of modifying the morphological and
functional properties of polymers by swelling in scCO2.
Carbon dioxide is used as a temporary plasticizer to assist the
∗ Corresponding author.
E-mail address: s.kazarian@imperial.ac.uk (S.G. Kazarian).
absorption of additives into glassy or rubbery polymers [2] as
it facilitates mass transport in the polymer and enhances the
kinetics of absorption of the diffusing substances. Another
great advantage of supercritical media is that the commonly
used fluids are often gases at room temperature and atmo-
spheric pressure. They rapidly disappear from the polymer
upon depressurisation of the system, leaving no toxic solvent
residue in the polymer, and thus can be easily recovered upon
release of pressure [2,3]. Finally, there is a drive towards the
use of scCO2 in processing and synthesis instead of using
organic solvents because of the environmentally friendly
properties of supercritical carbon dioxide. The knowledge of
CO2 sorption and polymer swelling is important not only for
designing polymeric materials, but also for implementing a
number of chemical processes, such as polycondensation,
foaming, creation of polymer composites, impregnation,
modification of polymers to name a few [4].
The impregnation of pharmaceutical compounds in
polymeric matrices can take advantage of the increased
diffusivity in CO2-plasticized polymers. Plasticization
results in an increase of free volume in the polymer matrix
(since there is an increase in freedom of motion of polymer0896-8446/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.supflu.2005.04.003
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chains) enabling the entrapment of more drug than oth-
erwise possible and more importantly the achievement of
molecularly dispersed drug in the polymer matrix [5,6].
Supercritical fluid impregnation of bio-active substances
into polymeric optical lens or personal care products has
been proposed [7]. However, prior to studying such impreg-
nation processes we need to analyse the behaviour of
polymeric matrices subjected to scCO2. In this paper, we
describe combined gravimetric and spectroscopic study of
CO2 sorption and swelling of one specific polymer which
is suitable as a matrix for optical lens. A biocompatible
acrylate copolymer, poly(methylmethacrylate-co-ethylhexy-
lacrylate-co-ethyleneglycoldimethacrylate) or P(MMA–
EHA–EGDMA), has been proposed by Mariz [8] as a
possible matrix for controlled release systems designed for
ophthalmic applications.
In situ spectroscopy has proven to be one of the most
powerful techniques to give an insight into interactions
between CO2 and polymers at a molecular level. In addition,
in situ spectroscopy also provides quantitative information
on sorption and swelling of polymers and impregnation of
polymers under high pressure [9].
Sorption and swelling of polymers are frequently mea-
sured using different methods. Literature data on the sorption
of carbon dioxide into polymers refer various apparatus and
methods to perform the measurements. The use of a quartz-
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Fig. 1. The three monomer constituents of P(MMA–EHA–EGDMA).
easy operation by means of good accuracy and insight on
molecular interactions between CO2 and the polymer.
2. Experimental
2.1. Materials
Films of P(MMA–EHA–EGDMA) with ∼0.15 and 1 mm
thickness and ∼18 mm diameter were kindly supplied by
H.C. de Sousa (Universidade de Coimbra, Portugal). Copoly-
mer P(MMA–EHA–EGDMA) were prepared by adding 40%
of MMA, 60% EHA and 7.5% (wt% of total mass of
MMA+EHA) of the reticulating monomer, EGDMA. The
value of Tg of this copolymer is −4 ◦C. Carbon dioxide
(99.998 mol%) was supplied by BOC. All products were used
without further purification. Three monomer constituents of
this copolymer are shown in Fig. 1.
2.2. Apparatus
2.2.1. Gravimetric measurements
A simple gravimetric procedure, similar to the one
described by Berens et al. [2] was performed. The high-
pressure apparatus is schematically presented in Fig. 2.
t
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F
(rystal microbalance and a simple in situ gravimetric method
r a barometric method are the most commonly used [10,11],
ransmission IR spectroscopy has also been used to measure
O2 sorption in polymers [12,13]. The direct optical obser-
ation of the sample’s dimensions is usually widely used to
tudy polymer swelling [1].
A new method based on attenuated total reflectance
ATR)-IR spectroscopy has been developed by Flichy et al.
14] for simultaneous measurement of sorption and swelling.
t different operational conditions a single spectrum of the
olymer and the gas sorbed in the polymer is acquired. A
hange in the spectral band of the polymer corresponds to
change in the polymer density and therefore to a volume
hange (swelling of the polymer). On the other hand,
he absorbances of IR bands of the gas correspond to the
orption (solubility) of the gas in the polymer. To avoid the
verlapping of the polymer–gas mixture spectrum with that
f the pure gas, a good contact between the polymer sample
nd the ATR crystal is essential. Recently, near-IR trans-
ission spectroscopy was used in situ to calculate both CO2
orption and swelling for liquid polymers [15]. In this paper,
ear-IR spectroscopy was utilised to study CO2 sorption in
olid polymer and to validate the data obtained by ATR-IR
pectroscopy.
In this work, the gravimetric method was compared to
wo in situ spectroscopic techniques used to measure the
orption of carbon dioxide in P(MMA–EHA–EGDMA).
he gravimetric method is advantageous in the simple
xperimental procedure, whereas the spectroscopic tech-
iques offer the advantage of in situ measurements withA high-pressure stainless steel cell was immersed in a
hermostatic water-bath, heated by means of a controller
hat maintained temperature within ±0.1 K. The sample
ig. 2. Schematic diagram of the high-pressure sorption apparatus
P—pressure transducer; TC—temperature controller).
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was loaded in a small stainless steel basket and the initial
weight was recorded. The basket was placed inside the cell,
which was then evacuated for 15 min. Carbon dioxide was
pumped into the cell using a pneumatic compressor until the
desired pressure was attained. The pressure inside the cell
was measured with a pressure transducer within ±0.5 bar.
The samples were submitted to high pressure for 5 h. After
impregnation, the vessel was quickly depressurised and the
basket with the sample was transferred to the balance for
recording weight changes during desorption at atmospheric
pressure. The experiments were carried out in a pressure
range from 2.0 to 20.0 MPa and in a temperature range from
27 to 40 ◦C.
2.2.2. ATR-IR spectroscopy
A heated “Golden Gate” ATR-IR accessory (diamond
crystal with an incident angle of 43◦, ZnSe focusing lenses)
was used to determine the sorption and swelling of car-
bon dioxide in the polymeric film. A specially designed
“covering-cap” high-pressure cell, compatible with the
single-reflection ATR accessories (Specac Ltd., UK) was
used [14].
2.2.3. Transmission spectroscopy
A high-pressure optical cell with two CaF2 windows was
used to study the sorption of carbon dioxide in the polymer
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Fig. 3. The ATR-IR spectra of P(MMA–EHA–EGDMA).
The procedure was similar to that described by Brantley et
al. [13].
3. Results and discussion
3.1. CO2 sorption
In regards to gravimetric measurements, the amount of
carbon dioxide present in the polymer was evaluated from the
data analysis using diffusion equations. The data set describ-
ing the mass of CO2 present in the samples as a function of
time after the pressure release, recorded by the balance, was
exported to an ASCII file, as described elsewhere [16]. An
equation derived from Fick’s second law of diffusion is used
to model the experimental data and to estimate the sorption
of carbon dioxide. This equation describes the time depen-
dence of the diffusing substance out of the sample, which in
this study was a slab of thickness l [4,17–19].
M(t) = 8M0
π2
∞∑
n=0
1
(2n + 1)2 e
[( (2n+1)
l
π
)2
Dt
]
where D is the diffusion coefficient, l the film thickness, M(t)
the mass of diffusing substance at time t and M0 is the mass
of diffusing substance at t= 0 which is the time when cell was
d
c
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C15]. The path length of the cell was 5 mm. The experiments
erformed with this cell were carried out only at room temper-
ture (ca. 27 ◦C) and in a pressure range of 2.0–10.0 MPa. The
igh-pressure cells, for both ATR-IR and transmission mea-
urements, were pressurised by means of a manual syringe
ump (HIP, Model 62-6-10).
All the spectra were recorded with the use of a
ruker Equinox 55 FT-IR spectrometer with a mercury–
admium–telluride (MCT) detector [14]. The resolution was
cm−1. Equilibrium was assumed when the observed band
bsorbance remained constant for more than 30 min.
.2.3.1. Choice of spectral bands. The choice of spectral
ands depends on whether ATR-IR or transmission near-IR
easurements are performed.
For the ATR-IR measurements, the analysis of the spectra
as focused on the ν3 band of CO2, which is characteris-
ic of carbon dioxide sorbed in the polymer (at 2335 cm−1),
nd the carbonyl band of the polymer (at 1730 cm−1) to
etermine the swelling. The carbonyl band was chosen
ecause it was easier to quantify as it is an isolated band
Fig. 3).
In the case of near-IR spectroscopy (transmission mode),
ue to the dense fluid phase, very strong absorbances were
bserved in the mid-IR spectral region. To overcome this
roblem, the ν1 + 2ν2 + ν3 (4965 cm−1) band of CO2 in the
ear-IR region (>4000 cm−1) was used for measuring the
orption of CO2 in the polymer. Although this band of the
uid phase CO2 surrounding the polymer film is quite strong,
t remains on-scale (Fig. 4) allowing the spectral subtraction.epressurised.
In the case of spectroscopic studies, the concentration of
arbon dioxide in the polymeric sample was determined by
ig. 4. Transmission IR spectra of high-pressure CO2 at 10 MPa showing
he near-IR region of the spectrum and the ν1+2ν2+ν3 (4965 cm−1) band of
O2.
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Fig. 5. Sorption of CO2 in P(MMA–EHA–EGDMA) at 27 ◦C ( ) gravi-
metric measurements (♦) ATR-IR spectroscopy and () transmission spec-
troscopy.
the Beer-Lambert law:
A = εcl
where A is the absorbance, ε the molar absorptivity, c the
concentration of sorbed CO2 and l is the path length.
The integrated molar absorptivity of combination bands
can be considered independent of the carbon dioxide den-
sity in the range of pressures and temperatures studied, as it
has been demonstrated elsewhere [20], and its value is ca.
1 × 104 cm/mol for the near-IR measurements.
In mid-IR experiments, the molar absorptivity based on
the peak absorbance of the ν3 band of carbon dioxide dis-
solved in other solvents at high-pressure can be used (ca.
1 × 106 cm2/mol [14]).
In the case of near-IR experiments, the path length cor-
responds to the thickness of the polymer. Regarding the
ATR-IR experiments, a athlete that would give the same
absorbance in transmission is required in order to apply
the Beer-Lambert law. This constant is expressed in terms
of the effective thickness of unpolarized light and can be
calculated based on the refractive index of the crystal, the
refractive index of the sample, the angle of incidence and the
wavelength of the incident beam. With a simple computer
program (“CrystalCalc”—Harrick Scientific Corporation), it
was possible to calculate this effective thickness. The esti-
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Fig. 6. Sorption of CO2 in P(MMA–EHA–EGDMA) at 40 ◦C ( ) gravimet-
ric measurements and (♦) ATR-IR spectroscopy.
was estimated to be 43◦ and the wavenumber of the inci-
dent beam corresponding to the ν3 band of CO2 is equal to
2335 cm−1.
The results of the CO2 sorption experiments at the differ-
ent operational conditions are shown in Figs. 5 and 6.
Experimental limitations did not allow the measurement
of sorption of carbon dioxide at higher temperatures using the
transmission cell. ATR-IR measurements for higher pressures
are not presented because the contact between the film and
the diamond ATR crystal was lost to collect the spectra. The
success of Flichy et al. [14] study on ATR-IR measurement of
sorption and swelling was based on the use of a liquid polymer
which inherently had a good contact with a diamond crystal.
The sorption isotherms presented as a function of pressure
indicate an increase in the solubility with increasing pressure.
For the same pressure, the sorption decreases with increas-
ing temperature. This kind of behaviour has been reported
by other authors [15,21,22] and is expected as there are
some exothermic interactions between carbon dioxide and
some polymers [23]. The seeming inflection point in the
trend of data in Fig. 5 cannot be a result of the polymer
glass transition, as observed in some previous studies [11],
because this polymer is in a rubbery state due to its low glass
transition temperature. Our combined approach to measure
sorption shows that there is a good agreement between all
three methods at low pressures (up to 5–6 MPa). However,
t
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4ated refractive index of the sample is 1.45 (this was achieved
ith measurements using diamond and Germanium crystals
ollowing procedure by Flichy et al. [14]) and it was consid-
red to be constant during experiments. The refractive index
f the crystal diamond is known to be 2.4, the incident angle
able 1
orption and swelling measurements using gravimetric, transmission and A
emperature (◦C) Pressure (MPa) Mass sorption (
Gravimetric
7 2
4
0 2 4.9
4 10.3he gravimetric approach provides somewhat higher values
or CO2 sorption compared to in situ near-IR spectroscopy.
e believe that the reasons for discrepancy are related to the
pproximation of Fickian diffusion used in the gravimetric
alculations which led to the overestimation of CO2 sorp-
ion. This also points out the intrinsic advantage of the in
itu spectroscopic method in that it does not require removal
ethods at 27 and 40 ◦C under a range of pressures
ATR-IR
Transmission Mass sorption (%) Swelling (%)
2.3 4.7 7.7
7.6 7.1 18.5
3.6 15.4
8.9 25.4
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of the sample with consecutive approximation of the amount
of sorbed CO2. It is clear that this effect would be stronger
at higher pressures, and thus a greater discrepancy between
gravimetric and spectroscopic results.
The results of the experiments performed are summarized
in Table 1.
3.2. Polymer swelling
Polymer swelling can be determined from the ATR-IR
experiments. The change of the absorbance of the carbonyl
band of the polymer is a measure of the polymer swelling. As
the pressure increases, there is a decrease in the polymer band
absorbance as a result of the polymer swelling. Assuming
that the molar absorptivity is constant, the absorbance of the
polymer band follows the Beer-Lambert law:
A0 = εc0l0, before exposure to gas;
A = εcl, during exposure to carbon dioxide.
Considering that the sample occupies a volume V before
exposure to carbon dioxide and V+ V during exposure, the
swelling (S) can be defined according to the following equa-
tion:
c0
c
= V + V
V
= 1 + V
V
= 1 + S
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was not accessible via the two other approaches. The in situ
near-IR spectroscopic method provided reliable information
on CO2 sorption over the pressure range studied. Information
for CO2 sorption and swelling in the studied biocompatible
polymer will be useful for optimization of impregnation
processes of this material with bioactive substances.
Acknowledgments
Ana Rita C. Duarte is grateful for financial support from
SFRH/BD/10780/2002 grant. This work was financially sup-
ported by FCT-MCES and FEDER, Portugal, under con-
tract POCTI/FCB/38213/2001. We thank Bruker Optics and
Specac Ltd. for support.
References
[1] L.N. Nikitin, E.E. Said-Galiyev, R.A. Vinokur, A.R. Khokhlov,
M.O. Gallyamov, K. Schaumburg, Poly(methyl methacrylate) and
poly(butyl methacrylate) swelling in supercritical carbon dioxide,
Macromolecules 35 (2002) 934–940.
[2] A.R. Berens, G.S. Huvard, R.W. Korsmeyer, F.W. Kunig, Application
of compressed carbon dioxide in the incorporation of additives into
polymers, J. Appl. Polym. Sci. 46 (1992) 231–242.
[3] J.J. Watkins, T.J. McCarthy, Polymerization of styrene in sc
[
[
[
[
[
[ombining this equation with the Beer-Lambert law, the
egree of swelling is defined as:
= A0
A
l
l0
− 1
The swelling can be calculated directly from the measure-
ent of the absorbance of the band at 1730 cm−1 because the
ath length has been considered to be constant with increas-
ng pressure.
The swelling was measured at 27 and 40 ◦C for 2.0 and
.0 MPa and the data are presented in Table 1.
. Conclusions
The sorption of carbon dioxide in the biocompat-
ble polymer of interest to ophthalmic applications,
(MMA–EHA–EGDMA), was measured using three
ifferent techniques, a gravimetric method and two in
itu spectroscopic techniques (ATR-IR and transmission
pectroscopy). This is first time that three different methods
ave been applied to study CO2 sorption and swelling for
he same polymer sample. It is shown that the gravimetric
ethod, using a simple procedure, gives consistent data
hen compared to in situ spectroscopic methods at relatively
ow pressures of CO2. The ATR-IR approach was challeng-
ng to use for this polymeric sample due to the contact issues
ith ATR crystal, and therefore no measurements at higher
ressures were presented. However, the ATR-IR method pro-
ided quantitative information about polymer swelling whichCO2—swollen poly(chlorotrifluoroethylene), Macromolecules 28
(1995) 4067–4074.
[4] H.T. Jespersen, Studies of sorption and modification of polymer films
in supercritical carbon dioxide, M.Sc. Thesis, University of Copen-
hagen, 2002.
[5] S.G. Kazarian, Supercritical Fluid Impregnation of Polymers for
Drug Delivery, Supercritical Fluid Technology for Drug Product
Development, Marcel Dekker Inc., 2004, p. 343.
[6] S.G. Kazarian, G.G. Martirosyan, Spectroscopy of polymer drug for-
mulations processed with supercritical fluids: in situ ATR-IR and
Raman study of impregnation of ibuprofen into PVP, Int. J. Pharm.
232 (2002) 81–90.
[7] S.G. Kazarian, Polymer processing with supercritical fluids, Polym.
Sci. Ser. C 42 (2000) 78–101.
[8] M. Mariz, Preparation of an intraocular lens with drug controlled
release, M.Sc. Thesis, Universidade de Coimbra, 1999.
[9] S.G. Kazarian, Polymers and supercritical fluids: opportunities for
vibrational spectroscopy, Macromol. Symp. 184 (2002) 215–228.
10] J.H. Aubert, Solubility of carbon dioxide in polymers by the
quartz-crystal microbalance technique, J. Supercrit. Fluids 11 (1998)
163–172.
11] R.G. Wissinger, M.E. Paulaties, Swelling and sorption in
polymer–CO2 mixtures at elevated pressures, J. Polym. Sci. Polym.
Phys. 25 (1987) 2497–2510.
12] J.R. Fried, W. Li, High-pressure FTIR studies of gas–polymer inter-
actions, J. Appl. Polym. Sci. 41 (1990) 1123–1131.
13] N.H. Brantley, S.G. Kazarian, C.A. Eckert, In situ FTIR mea-
surement of carbon dioxide sorption into poly(ethylene terephtha-
late) at elevated pressures, J. Appl. Polym. Sci. 77 (2000) 764–
775.
14] N.M.B. Flichy, S.G. Kazarian, C.J. Lawrence, B.J. Briscoe, An
ATR-IR study of poly(dimethylsiloxane) under high-pressure car-
bon dioxide: simultaneous measurement of sorption and swelling, J.
Phys. Chem. B 106 (2002) 754–759.
15] T. Guadagno, S.G. Kazarian, High-pressure CO2-expanded solvents:
simultaneous measurement of CO2 sorption and swelling of liquid
A.R.C. Duarte et al. / J. of Supercritical Fluids 36 (2005) 160–165 165
polymers with in situ near-IR spectroscopy, J. Phys. Chem. B 108
(2004) 13995–13999.
[16] A.R.C. Duarte, C. Martins, P. Coimbra, M.H.M. Gil, H.C. de Sousa,
C.M.M. Duarte, Sorption and diffusion of supercritical carbon diox-
ide in P(MMA–EHA–EGDMA), Polymer, to be submitted.
[17] J. Crank, Diffusion in Polymers, Academic Press, London, 1968.
[18] J. Crank, The Mathematics of Diffusion, Oxford Science Publica-
tions, Oxford, 1975.
[19] P.G. Shewmon, Diffusion in Solids, McGraw Hill, New York,
1963.
[20] M. Buback, J. Schweer, H. Tups, Z. Naturforsch. A: Phys. Sci. 41
(1986) 505.
[21] M. Tang, T.-Z. Du, Y.-P. Chen, Sorption and diffusion of supercrit-
ical carbon dioxide in polycarbonate, J. Supercrit. Fluids 28 (2004)
207–218.
[22] M. Tang, T.-Z. Du, Y.-P. Chen, Sorption diffusion of supercritical car-
bon dioxide in polysulfone, J. Appl. Polym. Sci. 94 (2004) 474–482.
[23] S.G. Kazarian, M.F. Vincent, F.V. Bright, C.L. Liotta, C.A. Eckert,
Specific intermolecular interaction of carbon dioxide with polymers,
J. Am. Chem. Soc. 118 (1996) 1729–1736.
